Abstract. Patients with hepatocellular carcinoma (HCC) who respond to sorafenib have been reported to exhibit an increase in the level of des-γ-carboxyprothrombin (DCP) in the blood, subsequent to the initiation of sorafenib treatment. In the present study, the levels of secretion of DCP and DCP with more γ-carboxyglutamic residues (NX-DCP) and the effects of hypoxic conditions were examined in 13 liver cancer cell lines, and the presence of vitamin K and sorafenib, in the KYN-2 cell line, which resulted in confirmed DCP and NX-DCP secretion. DCP, NX-DCP and prothrombin secretion were confirmed in 2/13 cell lines, KYN-2 and KIM-1. The level of secretions increased under hypoxic conditions. The addition of vitamin K suppressed cell proliferation, and DCP expression decreased to below detectable levels, however the level of prothrombin expression increased. Sorafenib treatment increased the level of apoptosis and suppressed cell proliferation, and decreased DCP and NX-DCP. In contrast, levels of prothrombin and vascular endothelial growth factor (VEGF) expression exhibited a slight increase. When the same experiment was conducted under hypoxic conditions, DCP secretion significantly decreased in the presence of sorafenib. The level of DCP secretion increased by several fold in the sorafenib-treated and non-treated cells compared with the normoxic conditions. Prothrombin and VEGF values with normoxic conditions remained almost similar with hypoxic conditions. Under hypoxic conditions, NX-DCP significantly decreased below the control values for the first 48 h subsequent to sorafenib treatment, but significantly increased at 72 h. In vivo experiments demonstrated that sorafenib inhibited angiogenesis and tumor proliferation, but the levels of DCP and NX-DCP did not differ significantly from the controls. These findings indicate that the suppression of neovascularization by sorafenib promotes blood vessel ischemia, producing hypoxic conditions whereby vitamin K uptake and utilization efficiency is reduced.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common types of cancer and the second leading cause of malignant-neoplasm-associated mortality, worldwide (1) . However, the molecular targeted therapy, sorafenib, has exhibited promising results in the treatment of patients with advanced HCC (2) . Sorafenib is a small molecule that functions as an oral multikinase inhibitor and is also approved for the treatment of advanced renal cell carcinoma (3) . Sorafenib exhibits direct antiproliferative effects on tumor cells due to the blockade of numerous intracellular serine/threonine kinases (e.g., C-Raf and B-Raf), and indirect effects due to the blockade of receptor tyrosine kinases, including vascular endothelial growth factor receptors (VEGFRs) and platelet-derived growth factor receptor-β (PDGFR-β) on endothelial cells followed by the inhibition of angiogenesis (1, 4, 5) . Des-γ-carboxyprothrombin (DCP), also known as protein induced by vitamin K absence or antagonist-II (PIVKA-II), is an abnormal prothrombin routinely used as a tumor marker for HCC, and may be predictive of aggressive tumor behavior and a poor prognosis (6) (7) (8) . Serum DCP levels also increase in patients with a vitamin K deficiency, including those taking warfarin or who exhibit obstructive jaundice. The DCP molecules in these conditions were demonstrated to contain more γ-carboxyglutamic (Gla) residues and was termed NX-DCP. A number of previous studies reported that serum NX-DCP was also useful for the detection of HCC (6, 9) . We previously revealed that patients with serum NX-DCP-positive HCC exhibited significantly larger tumors, more frequent portal vein invasion and a poorer prognosis (10) . The evaluation of α-fetoprotein (AFP) level is already used for routine surveillance and noninvasive diagnosis of HCC, and the prediction of prognosis and monitoring of recurrence subsequent to treatment (11, 12) . As the DCP level is not always correlated with the AFP level, the recommendations in previous studies include combined testing of DCP and Lens culinaris agglutinin-reactive fraction of AFP has been established (13, 14) .
Sorafenib is widely used for patients with advanced HCC. However, at present, there are no clinical parameters to predict sorafenib efficacy. DCP levels were reported to be increased in patients treated with sorafenib (15) (16) (17) , and the elevation of DCP may indicate a high therapeutic effect of sorafenib (16, 17) . Although the precise mechanism remains unknown, the ischemic and/or hypoxic conditions of HCC may be associated with the elevation of DCP subsequent to sorafenib treatment. In the present study, the mechanism of DCP level elevation in hypoxic conditions and sorafenib treatment was investigated using the HCC KYN-2 cell line, which produces DCP.
Materials and methods
Cell lines and cell culture. The present study used 11 HCC cell lines KIM-1, KYN-1, KYN-2, KYN-3, HAK-1A, HAK-1B, HAK-2, HAK-3, HAK-4, HAK-5 and HAK-6, and 2 combined hepatocellular-cholangiocarcinoma (CHC) cell lines, KMCH-1 and KMCH-2. These cell lines were originally established in the Department of Pathology (Kurume University School of Medicine, Kurume, Japan), and each cell line retains the morphological and functional features of the original tumor as described elsewhere (18) (19) (20) (21) (22) (23) (24) (25) (26) . The cells were grown in Dulbecco's modified Eagle's medium (Nissui, Tokyo, Japan) supplemented with 2.5% heat-inactivated (56˚C, 30 min) fetal bovine serum (FBS; Bioserum, Victoria, Australia), 100 U/ml penicillin, 100 µg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 12 mmol/l sodium bicarbonate, in a humidified atmosphere of 5% CO 2 at 37˚C.
Measurement of DCP, NX-DCP and prothrombin levels.
The cultured cells were seeded on 6-well plates (Falcon, BD Biosciences Labware, Tokyo, Japan) at a density of 3-10x10 4 cells/well, and cells on the plates were cultured in normoxic or hypoxic, 1% O 2 , conditions for 3 days. The prothrombin, DCP and NX-DCP levels in the supernatant (centrifuged for 10 min, 12,000 x g, 4˚C) and cell lysate were determined using an ELISA kit (EIDIA Co., Ltd., Tokyo, Japan) for prothrombin and an electro-chemiluminescence immunoassay (ECLIA) kit (EIDIA Co., Ltd.) for DCP and NX-DCP, according to the protocol of the manufacturer. The polyclonal antibody for prothrombin was sourced from the ELISA kit, the monoclonal antibody for DCP (MU-3) and monoclonal antibodies for NX-DCP (P-11 and P-16) were sourced from the ECLIA kit.
Effects of vitamin K on the secretion of DCP, NX-DCP and prothrombin. KYN-2 cells were seeded on 10 cm dishes (Falcon, BD Biosciences Labware) at a density of 1.3x10 5 cells/well. The media were replaced the subsequent day with medium alone or medium containing 100 nM vitamin K (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) and the cells were cultured in normoxic or hypoxic condition for 72 h. The cell number was then determined and the supernatant was collected (centrifuged for 10 min, 12,000 x g, 4˚C) and used for DCP, NX-DCP and prothrombin measurements by ECLIA and ELISA. 7 cells/100 µl cultured KYN-2 cells were subcutaneously injected into the backs of 4-week-old female BALB/c nude mice. Following two weeks, the mice were divided into 3 groups of 12 in order to equalize the mean diameter of tumors in each group. Each group was assigned to 1 of the 3 treatment groups: Control; 300 µg/mouse/day sorafenib; 600 µg/mouse/day sorafenib. The 300 µg dose of sorafenib in proportion to the average body weight of a mouse, 20 g, was 15 mg/kg, which is comparable to a clinical dose of 800 mg total/day. The sorafenib was diluted with 12.5% Cremophor EL (Sigma-Aldrich; Merck Millipore)/12.5% ethanol/75% water for oral dosing in mice, and was administered by tube feeding once a day. In the control group, 0.2 ml Cremophor EL/ethanol/water (12.5/12.5/75) alone was administered by tube feeding once a day. Tumor size was measured in two directions using calipers, and tumor volume (mm 3 ) was estimated by using the equation: Length x (width) 2 x 0.5. This measurement was performed every 2 or 3 days. On day 4, 9 or 14, subsequent to drawing blood for measuring the serum DCP and NX-DCP level, 4 mice in each group were sacrificed by cervical dislocation and the tumors were resected. The tumor weight was measured.
Immunohistochemical analysis. The resected tumors were fixed in formalin and prepared into paraffin sections, and underwent hematoxylin and eosin staining and immunochemistry. Immunohistochemical staining with monoclonal rat anti-mouse cluster of differentiation (CD)34 (cat. no. ab8185; dilution, 1:50; Abcam, Cambridge, UK) was performed using the standard avidin-biotin-peroxidase complex method and 3,3'-diaminobenzidine solution was used for color development. The microvessel density (MVD) was evaluated within the tumor. To quantify MVD, the slides stained with CD34 were observed at low power field, magnification, x10-100, using a light microscope. A total of 5 areas with high MVD were selected at a high-power field, magnification, x200, and the MVD of these areas in each specimen was measured using the WinROOF software package (version 6.1; Mitani Corporation, Fukui, Japan).
Statistical analysis. Data are expressed as the mean ± standard deviation. Comparisons between groups were performed using un-paired Student's t-test and two-factor factorial analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Ethical statement. The present study was approved by the Ethics Committee of Kurume University (approval no. 10007). Animal experiments for this study were approved by the Ethics Review Committee for Animal Experimentation of Kurume University School of Medicine (Kurume, Japan).
Results

Measurement of DCP, NX-DCP and prothrombin.
The levels of DCP secretion in the supernatant of KYN-2 cells under normoxic conditions per µg protein was 11.2 mAU/ml/µg protein, and the expression in the cell lysate was 165.4 mAU/ml/µg protein.
Under hypoxic conditions, the DCP expression levels were 66.7 mAU/ml/µg protein in the supernatant, and 80.9 mAU/ml/µg protein in the cell lysate. In the KIM-1 cells, the level of DCP secretion in the supernatant cultured under normoxic conditions was 0.8 mAU/ml/µg protein, and the expression in the cell lysate was 126.7 mAU/ml/µg protein. In hypoxic conditions, the levels of DCP expression were 19.1 mAU/ml/µg protein in the supernatant and 872.4 mAU/ml/µg protein in the cell lysate. The levels of NX-DCP secretion in the supernatant of the KYN-2 cells was 0.3 mAU/ml/µg protein under normoxic conditions, and 0.9 mAU/ml/µg protein under hypoxic condition. In the KIM-1 cells, the levels of NX-DCP secretion in the supernatant were 0.2 mAU/ml/µg protein under normoxic conditions, and 0.7 mAU/ml/µg protein under hypoxic condition. The levels of prothrombin secretion under normoxic conditions were 0.6 mAU/ml/µg protein in KYN-2 cells, and 0.6 mAU/ml/µg protein in the KIM-1 cells. Under hypoxic conditions, the levels of prothrombin expression were 0.9 mAU/ml/µg protein and 0.9 mAU/ml/µg protein for KYN-2 and KIM-1, respectively. The expression levels of DCP, NX-DCP and prothrombin in all of the other 11 cell lines were less than 0.1 mAU/ml/µg protein (data not shown). Fig. 2C . Prothrombin and VEGF secretion at 24, 48, and 72 h were all elevated in the sorafenib-treated cell cultures. These expression levels peaked at 48 h and increased >2-fold compared with the non-treated cells (P<0.001), as illustrated in Fig. 2D and E.
The same experiments were performed under hypoxic conditions. The levels of cell proliferation decreased subsequent to sorafenib treatment, but the difference was less compared with normoxic conditions, as demonstrated in Fig. 2F . DCP expression was higher in the sorafenib-treated and non-treated cells compared with the cells under normoxic conditions. The level of DCP in the sorafenib-treated cells was significantly lower compared with the control group and the cells under normoxic conditions (P<0.001), as illustrated in Fig. 2G . NX-DCP expression in sorafenib-treated cells was higher compared with the control at 72 h, as demonstrated in Fig. 2H . The levels of secretion of prothrombin and VEGF under hypoxic conditions were almost the same as under normoxic conditions, as illustrated in Fig. 2I and J. VEGF secretion increased 1.5-to 2-fold compared with non-treated cells under normoxic conditions. Subsequent to culturing the cells for 72 h with the addition of sorafenib at a range of concentrations, or without sorafenib, cell proliferation was more significantly suppressed under hypoxic conditions compared with under normoxic conditions. Under these two conditions, sorafenib treatment significantly suppressed cell proliferation (P<0.001), as demonstrated in Fig. 3A . The level of DCP secretion under normoxic conditions decreased subsequent to sorafenib treatment in a dose-dependent manner, but this effect was enhanced in hypoxic conditions (P<0.001), as illustrated in Fig. 3B . NX-DCP expression was low compared with DCP, and tended to decrease subsequent to sorafenib treatment under normoxic conditions. However, NX-DCP levels exhibited an increase under hypoxic conditions (P<0.001), as demonstrated in Fig. 3C . The secretion of prothrombin and VEGF was also significantly higher under hypoxic conditions in cells treated with high concentrations of sorafenib compared with normoxic conditions (P<0.001), as illustrated in Fig. 3D and E.
Effects of sorafenib on tumor proliferation and serum DCP and NX-DCP levels in nude mice. The growth of the tumor (tumor volume) was suppressed in sorafenib-treated mice from day 7 compared with the control, and this difference was significant at day 13 (P<0.05), as demonstrated in Fig. 4A . Tumor weight also decreased significantly at day 14 in sorafenib-treated mice compared with the control (P<0.05), as illustrated in Fig. 4B . The tumor volume and weight decreased ~50% of the control level subsequent to sorafenib treatment, however no difference was observed between the two dose levels, 300 µg/mouse/day or 600 µg/mouse/day, used in the present study. The levels of DCP expression by tumor weight was 622.2±66.4 mAU/ml/g in the control, 430.7±77.7 mAU/ml/g in the sorafenib 300 µg/mouse/day and 763.1±78.4 mAU/ml/g in the sorafenib 600 µg/mouse/day group, as illustrated in Fig. 5A . The levels of NX-DCP expression per unit tumor weight was 11.2±3.3 mAU/ml/g in the control, 15.3±5.8 mAU/ml/g in the sorafenib 300 µg/mouse/day group and 31.1±9.5 mAU/ml/gin the sorafenib 600 µg/mouse/day group, as demonstrated in Fig. 5B . There were no significant differences observed between the levels of expression of DCP or NX-DCP between the sorafenib and control groups.
Immunohistochemical analysis. MVD was significantly reduced to 68.4% of the control level in the sorafenib 300 µg/mouse/day group, and 59.4% of the control level in the sorafenib 600 µg/mouse/day group (P<0.001). No significant difference in other parameters, such as tumor volume and tumor weight, was observed between the two concentrations of sorafenib used, as illustrated in Fig. 5C .
Discussion
The 10 glutamic acid (Glu) residues of human prothrombin at the N-terminus are typically converted by carboxylase to a Gla domain. DCP is an abnormal prothrombin as all or part of the Gla domain remains as Glu residues. NX-DCP, which is induced in conditions of vitamin K deficiency, is a protein with a smaller number of Glu residues.
In the present study, the levels of DCP, NX-DCP and prothrombin expression in 13 different cell lines were examined. It was revealed that the expression levels were low in all cell lines except KIM-1 and KYN-2. Comparing the expression levels of DCP, NX-DCP and prothrombin under normoxic or hypoxic conditions, the levels increased under hypoxic conditions in all categories except DCP in the KYN-2 cell lysate. NX-DCP and prothrombin were expressed under hypoxic conditions, but the levels were low compared with levels of DCP. The production of DCP in HCC is hypothesized to be associated with a reduction in the activity of vitamin K dependent γ-carboxylase (27, 28) , excessive production of prothrombin precursors (29, 30) and to effects associated with vitamin K concentration. In the present study, cell proliferation and DCP expression were suppressed under normoxic and hypoxic conditions in KYN-2 cells treated with vitamin K. This suggests that the addition of vitamin K restored the metabolic pathways to near normal status in the KYN-2 cells where the increased expression of prothrombin lowered the uptake or reduced the activity of vitamin K. In studies using cell lines, vitamin K treatment was demonstrated to suppress DCP expression, whilst increasing the expression of prothrombin and carboxylase mRNA (31, 32) . These results suggest that DCP production in HCC may be caused by a reduction in vitamin K concentration in the microenvironment of the cancer cells. Conversely, vitamin K derivatives are not reduced in patients with HCC, and one study reported that vitamin K administration reduced DCP levels (33) . However, whilst vitamin K administration reduced DCP to normal levels in patients exhibiting a high serum level of vitamin K derivatives, DCP remained abnormal in patients exhibiting low serum levels of vitamin K derivatives. These data indicate that high levels of DCP are not caused by lowered levels of vitamin K, but by a reduced utilization efficiency caused by a defect in vitamin K metabolism.
A transitory increase in DCP has been reported in certain patients with HCC subsequent to sorafenib treatment (34) . Additionally, progression-free survival in those patients who exhibited an increase in DCP expression levels was longer compared with the patients who exhibited no increase in DCP (17, 35) . The elevation of DCP subsequent to sorafenib treatment may be a prognostic marker, and this elevation may be caused by tumor cell ischemia. Sorafenib at concentrations of 0.3125-20 µM suppressed cell proliferation in a dose-dependent manner in all 13 cell lines used in the present study (data not shown). Similar to the results revealed by Llobet et al (36) and Fernando et al (37) , apoptosis was induced in 8 of the cell lines in between 5 to 50% of the cells, however the induction of autocrine cell proliferation by DCP or activation of hepatocyte growth factor receptor was not observed such as the report of Suzuki et al (38) and Gao and Vande Woude (39) .
In the in vivo experiment of the present study, tumor volume and weight, and blood vessel density were suppressed in mice receiving 600 µg/mouse/day sorafenib, compared with the control group. The present study hypothesizes that the inhibitory effect of sorafenib on neovascularization is responsible for the suppression of tumor proliferation. Also, NX-DCP secretion per unit weight increased in the sorafenib-treated mice, which may be an additional mechanism of creating a hypoxic environment through the inhibition of neovascularization.
The levels of DCP and NX-DCP secretion were significantly decreased in sorafenib treated cell cultures compared with the non-treated controls, whereas levels of prothrombin and VEGF expression were increased. However, under normoxic conditions levels of NX-DCP expression increased at 72 h subsequent to sorafenib treatment. The DCP values increased under hypoxic conditions compared with normoxic conditions, but decreased significantly in the cells cultured with sorafenib. With regard to the increase in levels of DCP expression under hypoxic conditions, as reported by Murata et al (40) , hypoxic conditions induce epithelial to fibroblastoid conversion and epithelial mesenchymal transition, which may inhibit vitamin K uptake and stimulate DCP production. Conversely, levels of NX-DCP secretion exhibited a different trend compared with DCP in the sorafenib-treated cells under hypoxic conditions. At 48 h, sorafenib suppressed NX-DCP secretion, but at 72 h an increase in NX-DCP was observed. In our previous study of resected HCC tissues, NX-DCP originated from non-tumorous cells in the background, whilst expression within the cancerous area was limited (10) . With regard to the production of NX-DCP in HCC, it is possible that the direct effects of sorafenib and blood vessel ischemia may be responsible for the increase in levels of serum NX-DCP. However, NX-DCP from non-cancerous hepatocytes may also be present in the sera to varying degrees, so an accurate assessment of this effect may prove difficult.
As a mechanism for the increase in DCP observed in patients with HCC subsequent to sorafenib treatment, the present study suggests that the suppression of neovascularization by sorafenib promotes blood vessel ischemia, producing hypoxic conditions whereby vitamin K uptake and utilization efficiency is reduced. In these circumstances it is likely that the degree of the increase in serum DCP will be determined according to a balance between the direct suppression of DCP by sorafenib and the increase in DCP secretion due to ischemia.
